We present measurements of the D Raman mode in graphene and carbon nanotubes at different laser excitation energies. The Raman mode around 1050 -1150 cm −1 originates from a doubleresonant scattering process of longitudinal acoustic (LA) phonons with defects. We investigate its dependence on laser excitation energy, on the number of graphene layers and on the carbon nanotube diameter. We assign this Raman mode to so-called 'inner' processes with resonant phonons mainly from the Γ−K high-symmetry direction. The asymmetry of the D mode is explained by additional contributions from phonons next to the Γ − K line. Our results demonstrate the importance of inner contributions in the double-resonance scattering process and add a fast method to investigate acoustic phonons in graphene and carbon nanotubes by optical spectroscopy.
I. INTRODUCTION
Raman spectroscopy and fundamental research on graphitic systems have been two inherently connected fields for many decades in solid-state physics. Since the early works of Tuinstra and Koenig 1 , Raman spectroscopy has evolved as a very versatile tool to characterize graphite, graphene, and carbon nanotubes [2] [3] [4] [5] . Especially after the introduction of the double-resonance Raman concepts by Thomsen and Reich 6 , many phenomena could be unraveled such as the anomalous dispersion of the D and 2D modes with laser excitation energy or the origin of many other, higher-order Raman modes. However, most of the works focus on the doubleresonant Raman modes related to transverse and longitudinal optical phonons (TO and LO), such as the wellknown D, D , and the 2D mode, or the first-order G band in graphene and the radial-breathing mode (RBM) in carbon nanotubes [7] [8] [9] [10] [11] [12] [13] [14] [15] . Recently, also the investigation of small interlayer vibrational modes in few-layer graphene came into the focus of research, since these modes can directly probe the layer number and interlayer interaction [16] [17] [18] [19] . Beside these modes, there are various other Raman bands that result from double-resonant two-phonon scattering processes or from phonon-defect scattering 20 . In this work, we focus on the defect-induced D mode (around 1100 cm −1 ) in graphene and carbon nanotubes that results from double-resonant scattering of longitudinal acoustic (LA) phonons with defects. Low-energy acoustic phonons that stem from the Brillouin-zone center strongly affect charge carrier mobilities and thermal transport properties and are thus very important for the performance of electronic devices [21] [22] [23] . However, firstorder Raman scattering does not allow to probe these phonons. The LA phonon was often observed in combination with other phonons in double-resonant Raman scattering processes 24, 25 . Especially in bi-and fewlayer graphene, combination modes containing the LA phonon can be observed in the frequency range between the G and the 2D mode [26] [27] [28] [29] . However, none of the previous works analyzed the LA phonon itself. Here, we report the first measurements of the theoretically predicted D mode in carbon nanotubes and graphene with intentionally created defects 20 . We investigate its dependence on laser excitation energy, the number of graphene layers and the carbon nanotube diameter. We prove that this Raman mode stems from so-called 'inner' processes, again highlighting the importance of these contributions.
II. EXPERIMENTAL DETAILS
Graphene samples were prepared by micro-mechanical exfoliation of natural graphite crystals onto silicon substrates with an 100 nm oxide layer. The layer number of the prepared samples was unambiguously identified by their optical contrast and layer-number dependent Raman modes 17, 18 . The graphene samples were then transferred to a vacuum chamber and irradiated with swift heavy ions (Xe 26+ , 91 MeV) using a fluence of 65.000 ions/µm 2 at normal angle to the graphene plane. Under grazing-incidence irradiation these projectiles cause extended modifications in graphene 30, 31 , while at normal incidence point-like defects are created 32 . Due to their high energy, the interaction of swift heavy ions with matter is exclusively by inelastic scattering. As the penetration depth of 91 MeV Xe ions is about 10 µm 33 , defects are not introduced exclusively in single-layer but in biand tri-layer graphene as well. From the fluence of the Xe ions, we deduce an average length between defects of approximately 4 nm. A determination of the defect length L D by the D/G-mode intensity ratio and formulas from Ref. 34 is misleading in the present case. The irradiation with 91 MeV Xe ions creates significantly smaller defects compared to average defects sizes from previous studies with low-energy Argon ions 13, 34 . Therefore, we observe a reduced D/G mode ratio at the same L D compared to Ref. 34 from Ref. 34 ). For the measurements on carbon nanotubes, we used buckypaper carbon nanotubes produced by the HiPCO process 35 , having a diameter distribution of 10 ± 2Å, which was verified by measurements of the RBM.
Raman measurements were done with a Horiba HR800 and a Dilor XY spectrometer, equipped with solid-state lasers, as well as dye and gas lasers. Raman spectra were recorded in back-scattering geometry under ambient conditions using a 1800 lines/mm grating and an 100× objective, yielding a spectral resolution of approx. 1 cm −1 . Since the D mode and the second-order Raman modes of silicon are close in frequency, it was necessary to perform a background subtraction for graphene measured on silicon substrates. For this purpose, we used the same experimental conditions as for the Raman measurements on graphene, i.e., the same laser power and integration time, and recorded the silicon background at a spot adjacent to the investigated graphene flake. During all measurements the laser power was kept below 1 mW in order to avoid sample heating, laser-induced doping or the creation of additional unwanted defects.
III. RESULTS AND DISCUSSION
Figure 1 (a) shows an overview Raman spectrum of defective single-layer graphene at 532 nm laser excitation wavelength. The well-known D, G, and D Raman modes of single-layer graphene can be clearly identified. By enlarging the spectral range between the secondorder Raman peak of the silicon substrate and the D mode, we can identify another Raman mode. We explicitly verified that this Raman mode cannot be observed at arbitrary edges of exfoliated graphene, indicating that a larger number of defects is needed to result in a measurable Raman signal. . This can be explained by the dispersion of the phonon branch that is involved in the scattering process. The D mode is assigned to a double-resonant intervalley scattering process that involves an LA phonon and a defect, as theoretically predicted in Ref. 20 . The phonon dispersion of singlelayer graphene is shown in Fig. 1 (b) , the LA branch is highlighted 37 . Since this Raman mode results from an intervalley scattering process, the dominant contributions stem from phonons along the Γ − K − M high-symmetry direction. However, only between Γ and K the measured D -mode frequencies match the calculated LA dispersion [compare Fig. 2 (b) ]. Therefore, we can assign this scattering process to so-called 'inner' processes, i.e., the electronic transition must be between K and M . The importance of inner processes was discussed extensively in recent literature on double-resonances in graphene 20, 24 , showing that the formerly proposed restriction to only 'outer' processes is incorrect 38 . Our results furthermore enable us to map the LA phonon branch along the Γ − K high-symmetry direction. Figure 2 (b) compares the experimentally obtained D -mode frequencies with the calculated LA phonon branch dispersion along Γ − K − M . The resonant phonon wave-vectors for each excitation energy were obtained from the resonance condition on the incoming and outgoing photon in the double-resonance process; a GW -corrected band structure of single-layer graphene was used. The experimental values match the theoretical curve along Γ − K within an error of less than 10 cm −1 . By tuning the laser excitation energy, one can now follow the LA phonon branch along the high- symmetry line. The experimentally obtained values, including the origin, can be fitted by a sine function; the resulting fit shows a deviation of less than 10 cm −1 close to Γ compared to our ab-initio calculations (see SI). Thus, our approach enables us to investigate acoustic phonons by an optical method, i.e., double-resonant Raman spectroscopy, not only at certain phonon wave-vectors. In fact, the LA phonon branch, obtained from fitting our experimental data, also showed good agreement close to Γ, which is the k-space region that predominantly affects heat transfer.
We will now turn our discussion to the lineshape of the D mode. From the Raman spectra in Fig. 2 (a) we can derive two statements: First, the D mode shows a pronounced asymmetry towards higher frequencies and second, the full width at half maximum (FWHM) of D mode increases with increasing laser excitation energy. The asymmetric tail can be seen very clearly in all spectra. We fitted all Raman spectra with two Lorentzian components; the spectrum at 633 nm laser wavelength exemplarily shows their individual contributions. The asymmetry of the D mode can be directly explained with the two-dimensional phonon dispersion of the LA branch around the K point. In contrast to the TO branch, the LA phonon branch shows a non-constant angular frequency dependence around the K point, i.e., the lowest frequencies can be found along K − Γ and the highest along K − M 24 . Thus, we can assign the intense, lower-frequency Lorentzian to contributions directly from the Γ − K high-symmetry direction. The high-frequency tail of the D peak can be assigned to contributions next to the high-symmetry line in the Brillouin zone, following the analysis of May et al. 24 . The broadening of the lineshape at larger excitation energies can be easily explained by considering the dispersion of the LA branch along Γ − K, which has a steeper dispersion closer to Γ [see Fig. 1 (b) ]. Therefore, for shorter resonant phonon wave-vectors, i.e., larger excitation energies, a larger frequency range can be accessed, leading to a broadening of this Raman mode. Similar observations, both theoretically and experimentally, were made for the D+D mode at approximately 2450 cm −1 in the Raman spectrum of single-layer graphene 24 . The comparison of our measured D -mode spectra with calculations from Venezuela et al. (compare Ref. 20 , Fig. 11 ) shows very good agreement, both qualitatively and quantitatively. The prediction of an asymmetric high-frequency tail was confirmed by our measurements. Also the absolute frequencies match the experimentally observed, supporting our assignment to the LA-defect scattering process.
Figure 2 (d) shows D -mode spectra at 2.33 eV laser excitation energy for different numbers of graphene layers. As can be seen very clearly, the lineshape significantly broadens when going from single-layer to bilayer graphene. This broadening can be directly attributed to the evolution of the electronic bandstructure around the K point. Since bilayer graphene has two valence and conduction bands, the number of resonant scattering processes is quadrupled compared to single-layer graphene. The increased number of resonant phonon wave-vectors leads to an increased number of resonantly enhanced phonons, thus resulting in a broadening of the Raman mode. This effect can be also observed for the D + D mode in bilayer graphene 24 , as well as for the 2D mode 38 . By further increasing the layer number, the lineshape does not show any noticeable changes in linewidth or by the appearance of additional peaks. This can be again identified with the shape of the electronic bands around K. The bandstructure of trilayer graphene can be regarded as a superposition of the electronic bands of single and bilayer graphene 39 . Thus, also the resonant phonon wave-vectors in the double-resonance process are very similar to the ones from single and bilayer graphene. Therefore, the D -mode lineshape in trilayer graphene does not differ from the peak observed in bilayer graphene. Due to the degeneracy of the LA phonon branch in bi-and tri-layer graphene 40 , the broadening of the D mode cannot result from the evolution of the phonon dispersion with increasing layer number, but rather from the evolution of the electronic bandstructure.
Similar to graphene, only a few publications reported double-resonant Raman modes in carbon nanotubes that involve LA phonons [41] [42] [43] [44] . Besides intravalley scattering with LO and LA derived phonons, also intervalley scattering with TO and LA derived phonons was reported 42, [45] [46] [47] . However, double-resonance processes combining a defect and an LA phonon have not been reported so far in carbon nanotubes. Figure 3 (b) shows Raman spectra of the D mode in carbon nanotubes for six different laser excitation energies. Due to a broader D mode in carbon nanotubes compared to graphene 48 , the D mode can only be observed as a low-frequency shoulder to the D mode [compare Fig. 3 (a) ]. From the experimental spectra we estimate a downshift of the D mode with higher laser excitation energies of approximately −75 cm −1 /eV. In contrast to graphene, we observe a complex peak structure with many different contributions. This can be understood from the fact that the Raman spectrum of carbon nanotubes results from many different tubes in or close to resonance with the excitation laser. The analyzed HiPCO sample contains a large variety of carbon nanotubes with diameters around 10Å. Therefore, the D -mode lineshape is broadened by the different contributions of carbon nanotubes in or close to resonance. However, an assignment of the different features in the D band to distinct carbon nanotubes is not possible because of two reasons: the large number of different carbon nanotubes analyzed and the very low intensity of the D band.
In order to derive a systematic analysis, we present calculated D -mode frequencies for all carbon nanotubes in the diameter range between 7Å and 14Å. The calculation is based on a sixth-nearest neighbor tight-binding model with symmetry-imposed modifications for carbon nanotubes using the POLSym code 49 . The calculated LA phonon branch is scaled in frequency by 5.1 % in order to fit the experimentally observed value at the K point for graphite 50 . The resonant phonon wave vectors in the double-resonance process were obtained by assuming that scattering occurs between two equivalent extrema in the electronic band structure. As indicated by other works before 20, 48, 51 , we assumed that the dominant contribution to the double-resonance process results from the incoming resonance. Similar to graphene, the oscillator strength for optical transitions in carbon nanotubes is highest along the wavevectors derived from the K − M direction in the graphene Brillouin zone 52, 53 . Therefore, the Raman spectrum is dominated by carbon nanotubes, where these transitions are probed, e.g., the ν = −1 family for the semiconducting E 22 transition 54 . Thus, we restrict our calculations to those transitions. The calculated D -mode frequencies in Fig. 3 (c) reproduce the experimentally observed peak positions and peak shift very well. The calculated shift rate of −70 cm −1 /eV is in reasonable agreement with the experiments. As can be seen in Fig. 3 (c) , the calculated D -mode frequencies at each laser energy cover a large frequency range of approximately 40 cm −1 , in accordance with the exper-imentally observed broad lineshape of the D mode in carbon nanotubes. Fig. 3 (d) shows the calculated frequencies as a function of the tube diameter for the semiconducting E 22 transition (all other transitions show the same behavior). We observe an upshift of approximately 7 cm −1 /Å with increasing tube diameter. Since the LA phonon branch itself shows nearly no dependence on the tube diameter 49, 55 , the observed diameter dependence basically reflects the diameter dependence of the optical transition energies.
IV. CONCLUSION
In summary, we presented experimental Raman spectra of the D mode in graphene and carbon nanotubes at various laser excitation energies. We showed that this mode results from double-resonant intervalley scattering of LA phonons with defects and has a dispersion of −80 cm −1 /eV in single-layer graphene. We demonstrated that the D must stem from so-called 'inner' scattering processes with additional contributions from phonons next to the Γ − K direction, explaining the observed high-frequency tail of this Raman mode. We further showed that the lineshape in graphene depends on the layer number, reflecting the evolution of the electronic bands around K. In carbon nanotubes, the lineshape of the D mode is significantly broadened due to contributions from different tubes in or close to resonance with excitation laser. Our theoretical calculations of this Raman mode in carbon nanotubes showed very good agreement with the experimental data. Our analysis presents a fast and simple method to investigate acoustic phonon branches by an optical method. Although the probed LA phonons stem from a region close to the K point, we demonstrated the possibility to derive the LA dispersion along the complete Γ − K direction. Furthermore, our results again highlight the importance of inner contributions to the double-resonance Raman process in graphitic systems.
Supplementary material for the paper: Double-resonant LA phonon scattering in defective graphene and carbon nanotubes Extrapolation of the LA phonon branch
In order to extrapolate the full LA phonon dispersion along Γ − K, we fitted our experimentally obtained LA phonon frequencies and included the origin into the fit. The data points were fitted using a sine function of the form ω(q) = A · sin π * q w
with amplitude A and period w. The following parameters yielded the best fit to our data points:
A = 1170.7 cm The fit, the ab-initio calculated LA branch, and the experimental data points are shown together in Fig. 1 (a) . Although fit and calculation differ for q vectors close to K, the overall agreement is very good. The linear region around Γ is matched quite accurately, with a deviation of less than 10 cm
. Since phonons around Γ influence heat dissipation and electron transfer most, a reliable extrapolation in this region is of high interest. 
